In the present work we have combined homology modeling, protein-ligand dockings, quantum mechanics/ molecular mechanics calculations and molecular dynamics simulations to generate human 5-lipoxygenase (5-LOX):arachidonic acid (AA) complexes consistent with the 5-lipoxygenating activity (which implies hydrogen abstraction at the C 7 position). Our results suggest that both the holo and the apo forms of human Stable 5-LOX could accommodate AA in a productive form for 5-lipoxygenation. The former, in a tail-first orientation, with the AA carboxylate end interacting with Lys409, gives the desired structures with C 7 close to the Fe-OH À cofactor and suitable barrier heights for H 7 abstraction. Only when using the apo form structure, a head-first orientation with the AA carboxylate close to His600 (a residue recently proposed as essential for AA positioning) is obtained in the docking calculations. However, the calculated barrier heights for this head-first orientation are in principle consistent with 5-LOX specificity, but also with 12/8 regioselectivity. Finally, long MD simulations give support to the recent hypothesis that the Phe177 + Tyr181 pair needs to close the active site access during the chemical reaction, and suggest that in the case of a head-first orientation Phe177 may be the residue interacting with the AA carboxylate. † Electronic supplementary information (ESI) available: Homology modeling; docking calculations; cavity lining residues; geometric parameters of prereactive minima and TSs; single point calculations; long MD simulation results. See
Introduction
Lipoxygenases (LOXs) constitute a family of non-heme iron dioxygenases that catalyze the regio-and stereospecific peroxidation of polyunsaturated fatty acids containing 1,4-Z,Z-pentadiene units to give the corresponding conjugated hydroperoxide derivatives. Mammalian LOXs are classified according to the specific position of oxygenation of their main substrate, arachidonic acid (AA), in such a way that they are named 5-, 8-, 12-, and 15-LOX. [1] [2] [3] [4] [5] [6] [7] AA is the precursor of a large number of functional molecules. Amongst them are leukotrienes and lipoxins which are signaling compounds with pro-and anti-inflammatory effects, respectively, and are involved in a range of inflammatory disorders such as asthma, allergic rhinitis, and have a role in atherosclerosis and some types of cancer. 3, [8] [9] [10] Importantly, while the isolated action of human 5-LOX (h5-LOX) converts AA into leukotrienes, its action in combination with 15-LOX leads to the synthesis of lipoxins. 11, 12 These two LOX isoforms are not present in the same cell type and lipoxin synthesis has been reported to be transcellular. 13 The conversion of 5-LOX into a 15-lipoxygenating form has been proposed as an appealing strategy for the induction of lipoxin synthesis and consequently to turn an inflammatory activity into an anti-inflammatory one. Along this line, mutagenesis experiments on 5-LOX involving residues F359, A424 and N425 allowed one to reduce the volume of its active site cavity and led to an increase of 15-LOX products and a decrease of 5-LOX ones. 5, 14 It is generally accepted that the rate-determining step of the global hydroperoxidation process is the initial hydrogen abstraction from a bisallylic group of AA by the Fe(III)-OH À cofactor, yielding Fe(II)-OH 2 and a pentadienyl p radical (see Scheme 1) . An attack of molecular oxygen followed by a retro-hydrogen transfer to the peroxy radical produces the final hydroperoxy product and restores the Fe(III)-OH À moiety of the LOX active form. 2, 10 The positional specificity depends on which is the methylene group that transfers a hydrogen in the first step of the reaction. In fact, there are three bisallylic methylene groups in AA that can transfer a hydrogen atom, and it is assumed 7, 15, 16 that the proximity of these groups to the Fe(III)-OH À cofactor determines the hydrogen atom to be abstracted.
Several structures of human 5-LOX have been recently released including a substrate bound form. 17, 18 All were obtained from the so-called human Stable 5-LOX form of the enzyme, 17 which consists of a stabilized, soluble (as h5-LOX is a membrane bound protein) and active mutant of h5-LOX. The Stable 5-LOX mutant was solubilized by deletion of putative membrane-insertion amino acids (D40 to 44GS, W13E, F14H, W75G and L76S) as well as a pair of cysteines (C240A and C561A). In addition, the enzyme was stabilized by replacing a KKK sequence by an ENL one for residues from 653 to 655. Most of the available structures correspond to a substrate free system (pdb code 3O8Y) 17 for which additional mutation could lead to a phosphorylated mimic Ser663-Asp (pdb codes 3V98 and 3V99) 18 or a non-phosphorylated one Ser663Ala (pdb code 3V92). 18 Only one of those structures (pdb code 3V99) represents a substrate bound form of 5-LOX (the AA:Stable 5-LOX-Ser663Asp mutant). While all the substrate free structures (with and without the S663D mutation) are highly similar (rmsd = 0.3 Å), the comparison with the holo form shows an enzyme with substantial plasticity. Between the unbound and bound system the enzyme has suffered a major conformational change, mainly in the region of a2 helix (its end part) and the arched helix. In addition, displacement of the a18 helix is observed, and other regions (some affecting a2 helix) are disordered in the holoenzyme (substrate-bound) crystal structure but not in the apo (substratefree) one.
Unfortunately, the X-ray coordinates of some residues in crystal structure 3V99 are missing (flexible loops from residues 172 to 176, 190 to 198, 294 to 299, 611 to 613, a helix from residues 414 to 429, and terminal Ile673), and the partial density does not permit 18 one to unambiguously determine the orientation of the substrate in the binding site.
Based on the X-ray structures of 5-LOX, two major hypotheses have been raised on how the substrate gains access to the binding cavity: (i) access from the residues Phe177-Tyr181 (FY-cork) or (ii) access from Trp147 which is at the opposite end ( Fig. 1 ). 17 The way the substrate enters the binding site will not be discussed here, but the way it is placed once it has entered. So, from here on head/tail-first orientation refers to the relative position of the AA carboxylate group with respect to Lys409, which is supposed to play a similar role as Arg403 in rabbit 15-LOX, 19, 20 in such a way that tail-first orientation means that AA carboxylate points to the cavity end where Lys409 is placed, whereas head first means the opposite orientation.
Two hypotheses have been proposed to explain the different positional specificities of lipoxygenases. According to the ''space hypothesis'', AA alignment would be more or less conserved (head first) among the LOX isoenzymes, and the volume of the substratebinding pocket would ultimately tune the positional specificity. 2, 21 Conversely, assuming the ''orientation hypothesis'', tail first would be required for 15-lipoxygenation (which involves an initial hydrogen abstraction from C 13 ), 2, 21 while only a head-first orientation would make possible the 5-lipoxygenation 2, 22 (which requires an initial hydrogen abstraction from C 7 ). Very recently, mutagenesis (H600A and H600V) experiments have suggested that His600 (located at the bottom of the cavity on the opposite end of Lys409) is required for productive alignment of the substrate in the active site, presumably because its polar/charged character favors the head-first orientation of AA. 23 In the present study, we try to shed some light on the 5-LOX case, for which, to date, no experiment has been able to conclusively determine whether AA is placed head or tail first in 5-LOX.
In the last decade, docking simulations of potential inhibitors of 5-LOX have been widely performed but using the apoenzyme (substrate-free) 24, 25 structure or the incomplete coordinates of the 3V99 protein structure as a receptor, 26 but a complete model of a holoenzyme (substrate-bound) structure has never been proposed. Moreover, previous docking simulations of the AA substrate in the 3O8Y structure have been performed with constraints to keep the carboxylate end close to Lys409/Arg411 and C 7 close to the catalytic iron. 14 However, other ways of positioning the substrate in the active site, while maintaining its consistency with 5-lipoxygenating catalysis, have not been explored.
In this work, a molecular modeling study is presented, aimed at identifying binding orientations that would determine the catalytic specificity of 5-LOX. A multi-scale approach has been set up and applied. A homology modeling study has first been performed to generate a model of the holo form of human Stable 5-LOX that completes the missing regions of the crystallographic structure (pdb code 3V99). Then a series of intensive protein-ligand docking experiments have been carried out to generate AA:Stable 5-LOX complexes both in the holo model and in the apo structure (pdb code 3O8Y). Different docking solutions, corresponding to tail-first orientation in the holo structure and head-first orientation in both holo and apo structures, have been selected to pursue the reactivity studies. First, as AA is a very flexible ligand, configurations of the complex have been generated by molecular dynamics simulations and a selection of snapshots have been used to perform QM/MM calculations to check the catalytic reliability (energy barrier for hydrogen abstraction consistent with the regio-and stereo-selectivity of the enzyme:AA reaction) of the generated models. Finally, additional 100 ns molecular dynamics simulations have been carried out for each Michaelis complex to gain insight into some structural hypotheses recently proposed in the literature.
Methodology

Homology modeling of the holoenzyme structure
The first step of this study consisted of building a valid and complete 3D model of the holo form of human Stable 5-LOX. As X-ray data indicate that the apo and holo forms present significantly different conformations, we decided to build the holo model based on the only crystal structure of holo 5-LOX available (pdb code 3V99), even though it lacks the coordinates of some residues. Our solution consisted of a mixed strategy that implied both loop modeling and structural overlapping. All the calculations were carried out using the program Modeller (version 9.12). 27 We think that our choice of template is justified by the fact that this is actually the only available holoenzyme structure. Nevertheless, molecular dynamics simulations were carried out to structurally relax the generated complexes.
Because the objective of this part of the study is to complete the missing regions of the crystallographic structure of the holo form of the enzyme (Table 1) , no templates from analogous enzymes were used to construct the model. The structure of subunit A of the pdb 3V99 was used as our template, as it is the only one displaying electron density associated with the presence of the substrate.
All the loop regions that lack less than 9 residues were modeled with the loop refinement procedure built in Modeller, using the non-default option slow (to ensure an exhaustive level of conformational sampling and maintain an affordable time of calculation). The region composed of residues 414 to 429 represents a far wider gap and overcomes the limitation in the accuracy of the loop refinement algorithm provided by Modeller. 27 Therefore, this region was built using structural matching with the apo structure of the same protein (pdb code 3V92). Last but not least, the initial structure misses the ironcoordinating terminal Ile673 residue. Therefore, a complete coordination sphere of the metal was modeled by applying distance restraints (2.04 Å between the Fe and its coordinating atoms) during the modeling. The Asn554 residue was included in the coordination sphere. In total, the Modeller runs were constituted by the generation of 20 models followed by 20 steps of loop refinement. The full models were generated with a degree of refinement of the Modeller (option slow) that allows a thorough molecular dynamics and simulated annealing procedure. Then, the 20 runs of the loop modeling process used a more extensive refinement procedure (option slow large). The most encouraging structures were minimized with a full atom force field of CHARMM, 28, 29 and the quality of the resulting models was assessed with ERRAT, 30 VERIFY-3D, 31 and the PROCHECK Ramachandran plot 32 (web server: http:// nihserver.mbi.ucla.edu/SAVES/).
Docking simulations
Docking simulations were run with the program GOLD5.2. 33 Two different receptors were used, the final model of the holoenzyme generated by homology modeling as described above, and subunit A of the structure 3O8Y, corresponding to the apoenzyme. The option of GOLD to deal with the interaction of metal ions of metalloenzymes with organic ligands was active during the docking although limited at the search of hexacoordinated geometries of the metal. Prior to docking, the protonation states of the titrable residues were determined by the PROPKA server. 34 Simulations were carried out for both rigid and flexible side chain receptors in all cases except for the mutants of the holoenzyme, for which only rigid receptors were used.
To ensure a complete exploration of the conformational space for AA, the maximum efficiency of the genetic algorithm was selected in the docking setup. The binding site cavity of the receptor consisted of a 19 Å radius sphere centered in the Fe atom. The fitness function used was the Chemscore function. 33 The parameters of the genetic algorithm were set to the default values of the program. In the case of considering local rearrangements of the LOX binding site, different rotameric schemes were tested selecting the rotamers from the GOLD library. 35 Finally, the solutions were analyzed in order to be consistent with catalytic processes. As such, the full benches of docking solutions of each experiment were analyzed throughout a clustering process based on rmsd calculations. After that, in order to identify possible pre-reactive structures, the docking solutions were filtered as a function of the distances between the reactive oxygen and the different unsaturated carbons that could be involved in the mechanism.
In silico mutants
In silico triple mutant F359W/A424I/N425M has been generated by changing the corresponding residues with the Mutator Plugin of the VMD program. 36 However, the side-chain of tryptophan is too large to be put just by simple substitution of the side-chain of phenylalanine. So, for mutation F359W, the position of the side chain of W359 was optimized by CHARMM molecular mechanics (MM) optimization. 28, 29 2.4 Reactivity studies Molecular dynamics. In order to generate molecular configurations for each of the three AA:Stable 5-LOX Michaelis complexes considered in this work for subsequent QM/MM calculations, and with a special focus on the distances between the potential reacting groups (i.e., the oxygen of the OH À group and C 7 , C 10 or C 13 of AA), the following protocol was applied. The system was fully solvated in a cubic box of preequilibrated TIP3P water molecules, with dimensions of 115 Å Â 115 Å Â 115 Å. The total charge of the system was neutralized by adding 22 sodium cations. The resulting system contained nearly 143 000 atoms, with about 10 600 of them belonging to the protein.
The system was submitted to some MM minimization steps, and then, MD simulations under periodic boundary conditions (PBC) were started. The system was gradually heated from 25 K to 300 K during 80 ps, followed by an equilibration step of 400 ps at 300 K. During the heating steps, harmonic restraints were applied to the protein, which were gradually released, while the ligand (and water molecules) was kept free of restraints. Finally, a production step of 20 ns was carried out in order to relax the system and to generate a set of snapshots ready for some hydrogen abstraction reactions.
The MD simulations were done at constant pressure and temperature (CPT) using the extended system constant pressure and the Hoover constant temperature algorithms. 37 A time step of 2 fs was used for the production steps. All of the bonds and angles involving hydrogen atoms were constrained by the SHAKE algorithm. 38 PBCs were built with the CRYSTAL facility of CHARMM. For long-range electrostatics, the particle mesh Ewald method was used. MD simulations were run with CHARMM version c35-b1. The force field topology and parameters for AA were derived from the CHARMM27 ones. 39, 40 The CHARMM22 28, 29 force field was used for protein atoms except Fe and its first coordination sphere, for which the parameters specifically derived by Saam et al. 41 were used, updating the parameters for the coordination with Asn554. Structural analysis of the simulations was performed with the CORREL module of CHARMM.
QM/MM calculations. Using the trajectories of the Michaelis complex obtained by MD simulations, a set of snapshots have been chosen to study the first step of the reaction mechanism, the hydrogen abstraction step, by QM/MM calculations. In each snapshot, water molecules outside a 15 Å radius volume centered on the AA molecule were removed. All residues and water molecules within a 15 Å sphere centered on AA C 11 , including the complete AA molecule, were set as the active region of the optimization processes, whereas the remaining region of the system was kept frozen. QM/MM optimization of these snapshots led to the corresponding pre-reactive minima geometry, which was used as the starting point to build the potential energy profiles along the reaction coordinate for the hydrogen abstraction processes. The reaction coordinate, z, was defined as the difference between the distance of the breaking bond (C 7 -H 7 , C 10 -H 10 or C 13 -H 13 for H 7 , H 10 and H 13 abstractions, respectively) and the forming bond (H 7 -O, H 10 -O and H 13 -O, respectively). To construct the potential energy profile, a series of optimizations of the mobile part of the system were performed in the presence of harmonic restrictions on the reaction coordinate as V = k/2(z À z 0 ) 2 , where k is the force constant, which was set equal to 3.0 hartree Bohr À2 , and z 0 is the reference value for the reaction coordinate z at each energy minimization calculation, which increases with a step size of 0.1 Å. The highest energy point of each profile was selected as the starting point for a direct transition state search.
All QM/MM calculations have been performed with the modular program package ChemShell, 42 using TURBOMOLE 43 for all of the DFT calculations. The MM calculations were carried out by the DL_POLY 44 module in ChemShell, using the CHARMM22 28,29 and CHARMM27 39, 40 (for the lipid moiety included in the MM region) force fields. An electrostatic embedding scheme 45 has been adopted in all calculations, and a hydrogen link atom scheme has been employed to treat the QM/MM boundary using the charge shift model. No cutoffs were introduced for the nonbonding MM and QM/MM interactions. 46 QM/MM optimizations were carried out by employing the limited-memory Broyden-Fletcher-Goldfarb-Shanno (L-BFGS) algorithm 47, 48 in the case of energy minimizations, and the microiterative optimizer, combining both the partitioned rational function optimizer (P-RFO) 49, 50 and the L-BFGS algorithm, was used during the transition state structure searches. All of these algorithms are implemented in the HDLCopt (Hybrid Delocalized Internal Coordinate Scheme) 51 ChemShell module. A small core containing six atoms (C, pro-S and pro-R hydrogens, and Fe-OH À cofactor) was selected for the P-RFO algorithm, which treats these atoms with an explicit Hessian matrix. In every case a transition state structure was located and characterized by a frequency calculation that ensured a single imaginary frequency describing the reactive process under study.
For the QM subsystem the hybrid functional B3LYP was used with the 6-31G(d) Pople basis set 52 for all atoms except Fe, which was described by the LANL2DZ basis set. 53 The QM region includes 64 atoms (link atoms not included): as for the enzyme, there are 11 atoms of each of the 3 His residues in the Fe coordination sphere (His367, His372, His550), 8 atoms of Asn554, 3 atoms of the terminal Ile673 in the coordination sphere, and the Fe(III)-OH À cofactor, able to accept the hydrogen from AA; the QM region also includes the pentadienyl group around the methylene of interest, and the adjacent C atoms (and its corresponding hydrogens), containing a total of 17 QM atoms of the lipid substrate. Seven link atoms were used, five along the bonds Ca-QM atom of the five residues in the Fe coordination sphere and two in the AA chain. Scheme 2 shows the QM/MM partition.
Molecular dynamics simulations
Long molecular dynamics simulations with production runs of 100 ns were run for each of the three AA:Stable 5-LOX complexes considered in this work. The details of the calculations are as described in Section 2.4 but with box sizes of 118 Â 93/80 Â 73/71 Å using also PBC for the holo/apo complexes.
Results and discussion
Homology modeling of the holoenzyme structure
The use of the only available X-ray structure of holoenzyme to generate a binding mode of AA into human-5-LOX compatible with hydrogen atom abstraction at C7 (the one leading to 5-lipoxygenation) presented the problem that this structure lacks the coordinates of some parts. Thus, we employed homology modeling techniques to build them. A total of 400 3D models of the holo form of the human-Stable 5-LOX have been produced in this part of the study accounting for both modeling and loop refinement processes. The best models were first analyzed based on the energies provided by Modeller and the 3 lowest energy solutions were finally selected, as those values were not discriminative enough. For each of these models, the 3 lowest energy loop models were also selected which led to a total of 9 model candidates that were further refined and analyzed. First, a CHARMM MM optimization of the side chains was performed in order to reduce possible constraints remaining from the modeling process. Then, the quality of the 9 minimized models was evaluated by ERRAT, VERIFY-3D, and the PROCHECK Ramachandran plot. In all cases, the final values of each geometry checker were higher than 90%, which suggests that all candidates are potentially good models for human-Stable 5-LOX ( Table 2 ). The final model was selected using a consensus between both energetic and structural criteria.
According to these results, model 7 is the best solution and the one selected to proceed with the study. Fig. 2 shows the final model.
Comparison between apoenzyme and holoenzyme
The main difference between the Stable 5-LOX-apoenzyme crystal structure and the Stable 5-LOX-holoenzyme model generated by homology modeling is the position of the a2 helix ( Fig. 2 ). In the structure of the 5-LOX apoenzyme, a2 helix comprises residues 176-193 and presents a geometry that is unique in 5-LOX with respect to other LOX isoforms such as 15-LOX and 8-LOX. In the structure of the 5-LOX holoenzyme, a2 connects with an unfolded loop (residues 190-198) that displays a very wide solvent-exposed conformation (see Fig. S1 in the ESI †). In the corresponding apo form of the enzyme, this loop is packed and is folded toward the cavity.
On the other hand, clear displacement of the segment 414-431 occurs in the substrate-bound enzyme with respect to its position in the substrate-free enzyme, this way letting more free space for the substrate (see Fig. S2 , ESI †).
There are also differences in the side chain orientation of some residues of the active site, principally in Phe177, Tyr181, Leu607, Lys409, and Gln363. The cases of Lys409 and Phe177 stand out. Lys409, which forms a salt bridge with Asp176, is placed away from the active site in the apoenzyme, and therefore, it cannot tie the carboxylate end of AA inside the binding pocket. In the holoenzyme this salt bridge is placed toward the active site and Lys409 could bind the AA inside the cavity. Phe177 and Tyr181, which belong to a2 helix, form a cork which blocks the cavity entrance in the apoenzyme, but in the holoenzyme their positioning is in a different orientation that would allow the entrance of the substrate to the binding pocket. Another important difference between apo and holo forms is an apparently slight repositioning of a18 helix, which can slightly affect the shape and volume of the active site. Arg596 and His600, which belong to this helix, present different side chain conformations in apo and holo forms ( Fig. 2c and d ).
Generation of AA:Stable 5-LOX complexes
As commented, in order to generate AA:Stable 5-LOX complexes compatible with catalysis the use of the holoenzyme structure (with the missing parts modeled as explained above) seemed the most reliable choice and the first approach we followed. Docking calculations of AA into in silico mutants of this holo form were also carried out in order to better test our model. On the other side, and despite the substantially packed binding site of the apoenzyme structure, the possibility of this apo conformation to bear some activity cannot easily be ruled out. Moreover, as will be presented below, our docking calculations on the holoenzyme receptor did not predict solutions with the AA carboxylate interacting with His600 (a residue that has very recently been proposed in the literature as required for positioning the substrate for catalysis, most probably in headfirst orientations). 23 Thus, docking calculations into the apoenzyme structure were also performed in order to investigate this hypothesis. Docking AA into the holoenzyme structure. Dockings were carried out on this structure in two ways: first, with an initial approximation in which the receptor is maintained rigid; then, flexibility of some side chains was introduced. With the enzyme kept rigid, 200 runs of the genetic algorithm docking program GOLD were performed. For clarity, these results are mainly described in the Supporting Information ( Fig. S3 and S4, ESI †). Then, residues Asp176, Phe177, Asn180, Gln363, Lys409, Asn425, Arg596, Leu607 and Ile673 were set as flexible using the GOLD rotamer library, 35 and 500 docking solutions were generated to better account for the large number of degrees of freedom of the system and the vast cavity dimension of the binding site of 5-LOX. The latter calculations are presented here.
Taking both approaches together, the scoring values of the resulting solutions ranged from 34.30 to 26.41 Chemscore units (Table 3) . No improvement of the predicted binding energies is obtained here by the incorporation of side chain flexibility. Given the wide geometric variability obtained, and in order to facilitate the analysis of binding modes, the solutions were clustered. An rmsd of 5.88 (10.30) Å was used, which led to 7 (8) clusters, for the rigid (flexible side chain) approaches. The scoring function value of each representative model of the clusters is shown in Table 3 . The wide conformational variability obtained for the 5-LOX:AA complexes using the holoenzyme model structure can be observed in Fig. 3 , which corresponds to the results obtained with the flexible side chain approach. In this approach, using such a number of rotamer residues provokes the generation of nonproductive solutions in which the substrate falls away from the binding site (as shown in Fig. 3 ), but allows better exploration of productive configurations inside the cavity.
As can be observed in Fig. 3 , H-bond donor residues close to the AA carboxylate group are Lys409 and the backbone of Phe177, Gln363, Gln557, Asn425, Gln611, Asn613 and Arg596. There are about 300 solutions in the vicinity of Gln611, but these solutions are non-productive since the substrate is very far from the catalytic iron and they are not considered in further analyses. Solutions bonded to Lys409 (one of the proposed anchoring residues) and with hydrophobic contacts with Phe177 (15 solutions) exhibit a tail-first type orientation, while solutions interacting with Gln363 and Gln557 (which is spatially close to Gln363) (12 solutions) present a head-first type orientation. Flexible side chains allow the AA methyl end to be located inside the binding cavity when the carboxylate end is bound to Gln363 (Gln557), allowing head-first orientation positioning (see Fig. 3d ), in contrast to the case of the rigid holoenzyme (see Fig. S4 , ESI †), in which case solutions H-bonded to Gln363 had the AA tail pointing outward from the cavity.
To better analyze the dockings in the context of pre-reactive orientations, the results were filtered as a function of the distances between the reactive groups of the substrate and the Fe-OH À moiety. Based on our actual knowledge on the reaction of LOX, only solutions with the C 7 atom below the distance threshold of 5 Å would lead to the correct product of the reaction. In the flexible side chain docking calculations, 47 solutions are obtained with C 7 close to the oxygen of the Fe-OH À cofactor. Thus, the holoenzyme structure could correspond to a productive form of 5-LOX. In this group there are both solutions with head-first and tail-first orientation with good values of the scoring function. Fig. 4 shows one representative example of each type of orientation. Solution 34, which belongs to cluster 1, has the AA carboxylate interacting with Lys409 (tail first), a d(C 7 -OH) of 3.74 Å, and carbon atoms of its hydrophobic tail (from C 12 ) at contact distances (o4.4 Å) from carbon atoms of His600, Phe359 or Ala424. Solution 12, with the opposite orientation (head first), has the AA carboxylate close to Gln363 (Gln557), a d(C 7 -OH) of 4.25 Å, and the methyl end in the region between the terminal Ile673, Lys409 and Phe177. These two structures will be used to study the regiospecificity of the products expected for these two different binding orientations (tail/head first) in the holoenzyme structure.
Docking AA into holoenzyme mutants. To better confront our modeling with experimental data on 5-LOX, we intended to rationalize mutagenic works previously published. Mutations were first done on residues placed at the bottom of the active site cavity that have been proposed to influence 5-LOX regioselectivity by decreasing the volume of the binding cavity. 5, 14 In particular, the Phe359Trp + Ala424Ile + Asn425Met triple mutant of human 5-LOX has been reported to yield 42% of 15-lipoxygenation (hydrogen abstraction at C 13 ) and 53% of 8-lipoxygenation (hydrogen abstraction at C 10 ). We have estimated a difference of 40.1 Å 3 between the active site cavity volumes of Stable 5-LOX and triple F359W/A424I/N425M mutant by measuring the volume of residues 359, 424 and 425 (see Fig. S5 , ESI †). On the other hand, in the above docking simulations, residues Lys409 and Gln363 seemed to play a role in AA carboxylate end binding. Thus, we have performed additional docking simulations for several mutations of these residues in the holoenzyme. In the F359W/A424I/N425M triple mutant (reduced cavity), the number of docking solutions in which AA interacts with Lys409 decreases from 116 (out of 200 runs) in the WT enzyme to 5 in the triple mutant (Table S1, ESI †); solutions bound to Lys409 seem to need a larger volume to accommodate the AA tail. In Stable 5-LOX the channel where Arg596 is placed can do so while the AA carboxylate is interacting with Lys409 ( Fig. 5 ). However, in the triple mutant, the three residues (359, 424 and 425) together block this channel and the AA tail is twisted inside the binding cavity. This provokes that some solutions appear close to Arg411. This residue which is spatially close to Lys409 (Fig. 5b) does not present any interaction with AA carboxylate in the docking solutions of the Stable 5-LOX. On the other hand, the number of docking solutions in which the AA carboxylate interacts with Gln363 increases (from 34 to 170, Table S1, ESI †) when the cavity volume is decreased by the effect of the triple mutation. An increase in the number of solutions with d(C 7 -OH) o 5 Å (from 29 to 126, Table S2 , ESI †), as well as in the number of solutions with more than one methylene close to the OH À group, is also obtained for this triple mutant. Thus, the more twisted poses that AA adopts around the OH À group may also favor that several AA methylenes can have access to this group for reaction. This is in qualitative agreement with the experimental observation that the F359W/A424I/ N425M triple mutant produces more than one regioproduct. 5, 14 Our results support the ''space hypothesis'' mentioned in the Introduction 2,21 (with the tail-first orientation being responsible for 5-lipoxygenation), although the reason why a reduction of the 5-LOX active-site volume leads to 15-lipoxygenation is that the head-first orientation becomes the favored one in the mutant. As expected, the docking solutions interacting with Lys409 or Gln363 disappear in mutants K409L or Q363L, respectively, which also leads to more variability in the carbon atom suitably positioned for H abstraction.
Docking AA into the apoenzyme structure. Docking calculations on the holoenzyme structure have provided us with initial pre-reactive complexes (i.e. with C 7 close enough to the OH À group for reaction) in both tail-first and head-first orientations. A head-first complex with the AA carboxylate interacting with His600 has not been obtained with the holo structure. Although the molecular details of the mechanism by which His600 affects AA positioning are not known, it has been related to the polar/charged nature of the residue and a potential headfirst binding of AA. 23 To investigate this proposal, we have therefore used the apoenzyme structure. Dockings were first performed on this structure with an initial approximation of a rigid receptor and, consequently, identical to the crystal structure. Afterwards, and in order to consider possible low energy rearrangements of the crystal structure to gain activity, several rotameric approaches have been tested. This allows determining if the apoenzyme can be readily transformed into a productive structure of 5-LOX by rotation of key residues: Phe177, Tyr181, Asp176, and Lys409 rotamers have been considered, as these are residues of the binding site of the enzyme that have different orientations in the apoenzyme and holoenzyme. Both approaches give solutions with scores very close in energy and in the range from 33.53 to 21.94 Chemscore units that correspond to good predicted binding affinities. Filtering processes were also applied. First a clustering protocol was used, with an rmsd cutoff of 2.96 Å (rigid protein approach) and 3.62 Å (flexible side chains). This led to 7 main clusters (see Fig. 6 ). Note that these rmsd values are smaller than in the holoenzyme receptor, which indicates that the dispersion of AA conformations is smaller here, even though the geometric variability is still large. This is consistent with the difference of the cavity shape between apoenzyme and holoenzyme. The scores of the representative models and the population of each cluster are shown in Table 4 (the models are ranked according to their score).
The binding modes of AA were characterized by the presence of polar and H-bond donor residues of the protein in H-bond distances to the oxygen atoms of the AA carboxylate. Five residues fulfill this condition: Ala424 (the backbone), Asn425, His600, Tyr181 and His372.
The distances between the carbon C 7 , C 10 and C 13 of AA and the oxygen atom of the OH À group were measured for all the docking solutions (200 solutions for each approach, see Table S3 , ESI †). For the rigid-protein dockings, only 3 solutions display d(C 7 -OH) o 5 Å (a distance threshold that could be consistent with the 5-lipoxygenating action of the enzyme); 2 solutions have d(C 10 -OH) o 5 Å; and 39 solutions present d(C 13 -OH) o 5 Å, and the AA carboxylate end close to His600. The introduction of flexible side chains in the docking leads to an increase of the number of solutions with d(C 7 -OH) o 5 Å (up to 17). It is worth mentioning that this is apparently a consequence of very subtle relaxations of the active site upon binding, since the final position of the residues that have been allowed with flexibility remains nearly unchanged with respect to the X-ray position (Fig. S6, ESI †) . The highest number of catalytically consistent solutions are still those with d(C 13 -OH) o 5 Å (26 solutions).
Interestingly, and contrary to what is obtained in the dockings to the holoenzyme, there are numerous solutions with the substrate carboxylate end close to His600 in the case of using the apoenzyme structure for the receptor. This may be in part a consequence of the different orientations displayed by His600 in the apoenzyme (Fig. 2c ) and the holoenzyme (Fig. 2d ). In the holoenzyme crystal structure, the His600 side chain points away (outward) from the active site, whereas in the apoenzyme crystal structure it is directed towards (inward) the catalytic iron. Notice that this result is not a consequence of our homology modeling simulations since this residue does not belong to the missing regions ( Table 1) , so that this different orientation is originally found in the crystallographic structures. Also, the conformation of His600 is not correlated with the S663D mutation mentioned in the Introduction, a mutation found in the holoenzyme but also in some of the apo form structures (see Fig. S7 , ESI † and comments therein). Analysis of the distance between the bisallylic methylene groups and the OH À shows that in these solutions C 13 is closer to the OH À group, whereas C 7 is far away. Still, as in the AA dockings to the holoenzyme structure no solutions show this interaction, we have selected one of these AA:apoenzyme solutions to study this AA-His600 interaction. Solution 11 has been selected from the docking calculations into the rigid apoenzyme receptor (Fig. 7) ; this solution has a similar score to the most stable solution (score 30.78 in solution 11 and 32.29 in solution 1), but its C 13 -OH, C 10 -OH and C 7 -OH distances are smaller than the corresponding ones in the most stable solution; actually, it corresponds to the most stable solution with d(C 13 -OH) o 5 Å. The distance d(C 7 -OH) is 7.39 Å.
Reactivity evaluation of the different binding modes
Solutions 12 and 34 of the flexible side-chain holoenzyme docking simulation, representative of head-first and tail-first orientations, respectively, and solution 11 of the rigid apoenzyme dockings, representative of head-first orientation presenting the AA-His600 interaction, were selected to pursue the study. Our goal was to evaluate if any of these AA:Stable 5-LOX complexes and their corresponding binding modes were consistent with 5-lipoxygenation (regarded here as hydrogen abstraction occurring at C 7 ). As we have shown in previous works, 19, 54 the distance criteria alone may not be enough to extract conclusions about the reactivity, and calculation of the energy barriers for hydrogen transfer is required. Basically, although the initial distance of the atom that is going to be abstracted has a crucial influence on the potential energy barrier, it is not the unique factor and other considerations have to be taken into account (for example, how difficult is the evolution from a non-planar structure in the reactant to a planar structure in the abstraction product). Nevertheless, when one hydrogen is significantly further away than another one, it can be expected that the latter will be preferably abstracted. Thus, we have first run molecular dynamics simulations of the three complexes, analyzed the distance distributions of the methylene groups along these simulations for each binding mode, and then selected representative snapshots to calculate the hydrogen abstraction reaction paths and energy barriers. Once each set was generated, we were able to analyze the feasibility of the different hydrogen abstractions for each of the three possible AA binding modes studied.
On the other hand, the pose that AA exhibits in crystal structure 3V99-A was also studied by performing a molecular dynamics simulation. The crystal structure 3V99-A and the holoenzyme model were superimposed, and AA coordinates were placed into the holoenzyme model to give a complete structure of the Michaelis complex.
Initially, AA in the crystal structure pose is not interacting with any positive residue of the protein, and the carboxylate end is placed at the bottom of the active site cavity (head-first orientation). During the MD simulation the carboxylate end moved towards the region where Arg596 and Asn425 are, and remained there for the rest of the 10 ns production run trajectory that was carried out for this complex. The average distance (standard deviation) from C 7 to the oxygen of the OH À group was 13.44 (1.10) Å, whereas d(C 10 -OH) and d(C 13 -OH) were 10.92 (1.29) Å and 8.78 (1.33) Å, respectively. Thus, it is clear that starting from this complex it will be difficult to obtain structures with a bisallylic methylene close enough to the Fe-OH À cofactor to consider this model a catalytically productive one. Thus, the QM/MM calculations have been carried out on the other three complexes and the results are presented next.
Tail first AA:holo complex (solution 34). The first AA:Stable 5-LOX complex studied corresponds to a tail-first binding mode with the AA carboxylate interacting with Lys409 ( Fig. 4, green) . In the 20 ns of simulation of solution 34, different configurations of the AA:Stable 5-LOX Michaelis complex are explored. The histograms of the distances from C 7 , C 10 and C 13 to the oxygen of the OH À group are presented in Fig. 8 .
The figure shows that d(C 7 -OH) presents a narrow distribution centered at 4.5 Å, whereas the distribution of distances d(C 10 -OH) and d(C 13 -OH) is broader and centered around 7.0 Å and 9.0 Å, respectively. These results suggest that a tailfirst binding mode in which the AA carboxylate interacts with Lys409 gives conformations in which the C 7 methylene is the only one close to the hydroxyl group. In Fig. S8 (ESI †) the cavity-lining residues for a representative head-tail AA orientation are indicated. Several invariant amino acids that have been shown to interact with AA in other LOXs are used in 5-LOX, although there are also some specific 5-LOX residues defining this binding site.
In order to further check if the produced models represent pre-reactive structures of the AA:Stable 5-LOX complexes (i.e. consistent with the 5-lipoxygenating activity), the reaction mechanism of the hydrogen abstraction step was studied. 54 Snapshots from the latter simulations were selected and optimized at the QM/MM level (see Section 2.4) in order to obtain the initial reactant structures that initiate the reactive process. Table 5 shows the main geometric parameters of the different pre-reactive minima obtained. Snapshots I and II correspond to this tail-first orientation. Snapshot I is also depicted in Fig. 9a . In both cases, C 7 is the closest methylene carbon atom to the OH À group. Moreover, H 7 is not only close enough to be transferred but in a good orientation as d(C 7 -OH) is greater than d(H 7 -OH).
The optimized geometry corresponding to each pre-reactive structure was used as a starting point to build the potential energy profile along the reaction coordinate for the hydrogen abstraction processes (see Section 2.4 for details). Note that for snapshot I abstraction of H 10B and H 13B was also considered in case they could still react at reasonable barrier heights even though they are significantly further away. The highest energy point of each profile was selected as the starting point for a direct transition state search, which was characterized by a frequency calculation. The potential energy barriers for all the processes are listed in Table 6 (snapshots I and II for this tailfirst orientation). Values of additional geometric parameters corresponding to the pre-reactive minima and the transition state structures are given in Table S4 in the ESI. † We have to highlight the wide range of values obtained for the energy barriers, ranging from 18.1 to 50.7 kcal mol À1 . This situation is directly related to the wide dispersion in the initial distance between the hydrogen that will be transferred and the accepting oxygen (from 2.55 to 5.67 Å), and the energy barriers are directly determined by how AA is placed in the active site of the enzyme. Importantly, the calculated potential energy barriers for H 7 abstraction (18.1 kcal mol À1 ) are in qualitative agreement with experimental data on lipoxygenases. Contrary to this, the H 10 and H 13 abstraction barriers (7.4 and 32.6 kcal mol À1 higher than that for H 7 abstraction, respectively) indicate that these are not plausible processes. Thus, taken together, our results show that this tail first binding mode considered is compatible with AA interacting with Lys409 and C 7 being the closest methylene (and close enough to the OH À group) while C 10 and C 13 are further away, and the calculated energy barriers confirm that these pre-reactive minima would be favorable for H 7 abstraction and unfavorable for H 10 and H 13 abstraction processes.
In addition, the abstracted H 7 turns out to be the proS one (see Tables 5 and 6 , and Fig. 9a ), in good agreement with the experimental stereoselectivity.
Head-first AA:holo complex (solution 12). The second binding mode studied corresponds to a head-first orientation with the AA carboxylate initially interacting with Gln363 ( Fig. 4, gray) . The MD simulations for this orientation resulted in histograms of the distances from C 7 , C 10 and C 13 to the oxygen of the OH À group presented in Fig. 10 . The position of the AA carboxylate end remained close to Gln363, indicating that this orientation is, in principle, also possible.
MD simulations of this solution 12 (head first) give broader distributions of all distances than those obtained for the tailfirst orientation. d(C 10 -OH) and d(C 13 -OH) present lower values than d(C 7 -OH), which has its maximum population at B7.5 Å. AA remains with the carboxylate end bound to Gln363 (and Gln557), but its backbone adopts twisted conformations in which C 10 and C 13 can be simultaneously close to the hydroxyl group, while C 7 is clearly placed away from the OH À group. Thus, these MD simulations suggest that this head-first model does not provide structures consistent with the 5-lipoxygenating function of this enzyme with the AA substrate. Still, two snapshots were selected to proceed with the QM/MM calculations. They are snapshots labeled as III and IV in Tables 5 and 6 , and the molecular representation of the pre-reactive minima obtained for III is depicted in Fig. 9b . The MD trajectories did not contain structures with H 7 in a good position to initiate the reactive process, whereas H 13 (and to a lesser extent H 10 ) was close enough for the reaction to take place. The calculated potential energy barriers show that for this head-first orientation, the most favorable process is H 13 abstraction, with a potential energy barrier of 19.8 kcal mol À1 , whereas H 10 abstraction is 5.2 kcal mol À1 higher and, most importantly, H 7 abstraction is 16.4 kcal mol À1 higher. We have to underline at this point that, according to Fig. 10 , the probability of having a snapshot in this head-first orientation with a C 7 -OH distance as short as in the pre-reactive structure optimized from snapshot III turns out to be extremely low. And, even in this case, the barrier for H 7 abstraction would be over 36 kcal mol À1 . Altogether our results strongly suggest that H 7 abstraction is not occurring (or it would be extremely slow as compared to the experimental rate) when AA is in this head-first orientation.
Head-first AA:apo complex (solution 11). Up to this point, our results can be summarized in that our proposed tail-first orientation is consistent with the experimental 5-LOX regio-and stereoselectivity, whereas the head-first orientation adopted in the holo structure would give 15/11-LOX or 12/8-LOX regioselectivity, in terms of hydrogen abstraction.
However, very recent mutagenesis experiments showed that the H600A mutant displays less than 10% of Stable 5-LOX activity and has reduced affinity for the substrate, and that the H600V mutant has no detectable catalytic activity. 23 These results led the authors to suggest that His600 is essential for proper AA positioning in the 5-LOX active site to give the 5-HPETE product. They also proposed that the presence of this amino acid deep in the cavity may be favoring the head-first substrate orientation.
The hypothesis of a head-first orientation in human 5-LOX is not new, and had been proposed in the literature in previous studies 7 arguing that only with a head-first orientation could the stereochemistry of the hydroperoxidation product, 5S-HPETE, be justified, in contraposition with 15S-HPETE, the 15LOX product, which is obtained from an AA tail-first orientation. A head-first orientation has also been proposed for murine 8S-LOX. 55 It is important to note that this interpretation of the experimental observations is not necessarily right, as it does not consider all the conformational changes that AA can undergo once placed inside the active site (methylene carbons consist of sp 3 carbons that can rotate alternating the side of the plane that faces the Fe-OH À group), 14 which in principle could yield both R-and S-HPETE products, even if starting from a given AA orientation. In fact, as mentioned above, the results obtained here with our model suggest that the proS-H 7 can be transferred to the OH À group in a structure with a tail-first orientation (see Tables 5 and 6 , and Fig. 9 ). Nevertheless, as explained in Section 3.3, in order to study a possible head-first orientation bearing the AA-His600 interaction, the X-ray structure of apoenzyme has been used to generate the coordinates of complexes presenting such contact. The docking pose solution 11 (head first) was selected and prepared for an MD simulation following the same procedure as for the holoenzyme complexes. The position of the substrate is stable into the active site for the simulation time studied. The histogram of the distances from C 7 , C 10 and C 13 to the acceptor OH À is shown in Fig. 11 .
A similar distance distribution can be observed for all the distances, with d(C 10 -OH) being the smallest of them, which is centered around 4 Å, followed by d(C 7 -OH) which is very similar and centered around 4.5 Å; d(C 13 -OH) is quite large with a distribution centered at 6.5 Å. In this situation the behavior is different from the case of the holoenzyme in which for a tailfirst orientation (solution 34) the distance distribution is clearly more discriminating, with the d(C 7 -OH) distance being the shortest one ( Fig. 8) , whereas for the head-first orientation (solution 12), the distance distribution clearly differentiates d(C 7 -OH) (the greatest value) from d(C 10 -OH) and d(C 13 -OH), which are similar (Fig. 10) . According to the distance criterion, in solution 11 of the apoenzyme both C 7 and C 10 could be suitable for transferring a hydrogen atom to the OH À group. It is also worth mentioning that along the MD simulation of solution 11, the aromatic side chains of the two FY-cork residues (Tyr181 and Phe177) remain as in the apoenzyme crystal structure. That is, once in the cavity the AA carboxylate end can interact with His600 without the need for ejecting or repositioning the FY-cork. 23 The subsequent QM/MM study is aimed at determining if C 7 , C 10 or even both positions are reactive for the hydrogen abstraction process, and then, which regiospecificity is consistent within this substrate binding mode. A series of snapshots from the MD simulation of solution 11, with a set of distances consistent with the distribution reported in the previous section, have been selected as the starting structures for the study of the first step of the reaction mechanism. The four selected snapshots were optimized giving the corresponding pre-reactive minima, whose characteristics are shown in Table 7 . The values of additional geometric parameters corresponding to the pre-reactive minima and the transition state structures are given in Table S5 in the ESI † and Fig. 12 represents the structure of one of them.
In this case the potential energy barriers range from 17.3 kcal mol À1 to 36.0 kcal mol À1 (Table 8 ), but the set of initial distances exhibit a narrower distribution than in the case of the holoenzyme structure, ranging from 2.44 to 3.13 Å. Thus, a wide dispersion of energy barriers comes from a narrow dispersion of initial geometries in terms of the set of atoms that constitute the reactive part of the system (the pentadienyl system defined by the bisallylic methylene and the Fe-OH À cofactor). Within these structures there are some that favor a H 10 abstraction process, but there are also structures with an initial configuration favorable for proS-H 7 abstraction. This binding mode of AA would be in principle consistent with 5-LOX specificity, but also with 12/8-specificity. In fact, 5-LOX is known to attack both carbon atoms, but for slightly different substrates: C 7 is attacked in the first step to generate 5-HPETE and subsequently the H on C 10 is abstracted from the first-oxidation product in the generation of leukotriene LTA4. As the substrates are different, though, it is not clear whether their binding orientation should be the same or not. Still, a model which puts both carbons proximal to the catalytic machinery, given the geometry of the bisallylic methylene groups, might indeed be plausible. Actually, in our previous studies on 15-LOX 19, 54 we have seen that AA can adopt conformations in the active site of the enzyme in which both C 10 and C 13 are at reactive distances of the OH À group. In that case, abstraction of H 13 was favored by B4 kcal mol À1 (in agreement with the experimental ratio of 97 : 3 for 15/12 products in 15-LOX) probably due to steric hindrance for H 10 abstraction, which is not necessarily the case here.
Final structural considerations. We have combined different molecular modeling techniques to build possible AA:5-LOX 
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complexes and have tried to find those binding modes and orientations that could be compatible with the regiospecificity of this enzyme (H 7 abstraction). At the same time, we have tried to find out which of the available crystal structures are the best for accommodating AA for catalysis. This is a challenging task given the large size of the active site and the increased number of degrees of freedom of the substrate. Yet, some information can be obtained that helps in the long debate on LOX regiospecificity and substrate alignment. Our study has been based on the structural data available. In particular, two crystal structures of Stable 5-LOX have been used: an apo form and a holo form with AA bound that has some unresolved coordinates (that we have modeled by homology modeling). The main differences between the two structures have been commented in Section 3.2, and we will just remind here the differences in helix a2, in particular for the residues Tyr181 and Phe177, which have been proposed to be acting as a cork for substrate entry (closed in apo form, open in holo form). Our results suggest that both structures can accommodate AA in their active site while having C 7 at a reactive distance. In particular, for the holoenzyme structure a tail-first binding mode has been found with C 7 close to the OH À group, with the AA carboxylate interacting with Lys409 and the methyl tail occupying a region that would be consistent with mutagenic experiments; 14 the corresponding calculated energy barriers confirm that these pre-reactive minima are consistent with the experimental 5-LOX regio-and stereoselectivity (favorable for H 7 abstraction, and unfavorable for H 10 and H 13 abstraction processes). On the other hand, for the apo structure a head-first orientation has been identified with C 7 close to the OH À group, with the AA carboxylate interacting with His600 and the methyl tail pointing towards Trp147; in this case the potential energy barriers for H 10 and H 7 abstraction indicate that both reactions (5-LOX or 12/8-LOX regioselectivity) are feasible. The latter is scarcely observed experimentally with AA as the substrate, which could be a reason to discard this alternative. However, the possibility exists that both H abstractions take place and that regiospecificity is determined by the later steps in the reaction (e.g. O 2 attack). Thus, based on that we cannot completely discriminate between the two binding orientations, or conclude which crystal structure is the most suitable to model the reactive complexes that lead to 5-lipoxygenation.
The experimental observation that the only 5-LOX structure available with AA bound is different from the apo ones strongly suggests that a conformational change takes place upon substrate binding and indicates that the structure adopted by the enzyme in the pre-catalytic complex will probably be different from the apo structure. Unfortunately, in the X-ray structure of holo enzyme the density for AA does not allow one to unambiguously assign its orientation. More importantly, AA is located too far from the OH À group for reaction, so that this holo structure does not seem to correspond to a pre-reactive complex. In a very recent study, 23 it has been proposed, based on the results of mutagenesis experiments, that the Phe177-Tyr181 pair does not act as a ''cork'' as had been proposed, but as a ''twist-and-pour'' closure. This implies that the conformation these residues present in the holo crystal structure would not be compatible with the pre-catalytic geometry (i.e. ready to catalyze the chemical reaction) of the enzyme.
This has prompted us to run long molecular dynamics simulations of the produced AA:Stable 5-LOX complexes in order to get new insights from their structural behaviour along the trajectory. Obviously, the way AA is positioned in the active site will affect the geometric changes that the enzyme experiences and vice versa.
We have performed 100 ns production runs for each of the complexes studied in the previous sections: solution 34 (holo, tail first), solution 12 (holo, head first) and solution 11 (apo, head first). The most relevant results of each simulation are commented here.
For solution 34 (tail first) of docking to holoenzyme, the complex remains relatively stable for 18 ns (Fig. S9 -S11, ESI †) before AA comes out of the active site. During this 18 ns, the AA carboxylate interacts with Lys409 and the distance order (with respect to the Fe-OH À cofactor) C 7 o C 10 o C 13 is maintained. Then, it remains at the protein surface and, later on, the AA carboxylate interacts with Lys423 and Arg596 (Fig. S12, ESI †) , which are placed at the other end of the active site cavity. Finally, the AA tail enters the cavity through the opposite end, giving a reverse orientation to the starting one ( Fig. S13, ESI †) and with the bisallylic carbons far from the OH À group (Fig. S10, ESI †) . The Phe177 + Tyr181 pair stays in a similar conformation as in the crystallographic holoenzyme structure (Fig. S14a, ESI †) , which gives AA access toward the solvent from inside the binding cavity. For solution 12 (head first) of docking to holoenzyme, AA remains in the active site cavity for the whole 100 ns, and the bisallylic carbon C 7 is quite far from the OH À group (Fig. S15-S17 , ESI †). Initially, the AA carboxylate end is interacting with Gln363 and Gln557. At the end, it is positioned in the part of the cavity surrounded by Gln363, Gln557, Asn424, Ala425, Phe359, His600 and, notably, Tyr181 (Fig. S18 , ESI †). Tyr181 has changed conformation and is now pointing into the cavity (as in the apo structure) and is making a hydrogen bond with the AA carboxylate ( Fig. S14b , ESI †). Phe177 has also changed conformation and points into the cavity providing, altogether, a lid that seems to prevent AA from escaping. During the simulation, the hydrophobic tail moves from its initial position to the part of the active site delimited by Trp147, occupying the same zone as described for solution 11 of the apoenzyme dockings (head first).
For solution 11 (head first) of the docking to apoenzyme, the simulation shows less structural changes ( Fig. S19-S21 , ESI †). The distance distribution for C 7 , C 10 and C 13 remains qualitatively the same as the one shown in Fig. 11 (Fig. S19, ESI †) , with both C 7 and C 10 being close to the OH À group (here C 7 is more populated at shorter distances). The AA carboxylate starts interacting with His600 and Asn425 and, after 45 ns, a slight shift moves it to establish a hydrogen bond with Tyr181, as observed for solution 12 (Fig. S21 and S22 , ESI †). His600 has rotated and it is now in the conformation observed for the holoenzyme (Fig. S23 , ESI †). Phe177 and Tyr181 stay in a conformation similar to that observed in the crystal structure. Interestingly, during the 100 ns trajectories, solutions 12 and 11 (both head first) converge to be localized in the same region of the active site, although the central part of AA is bent down towards the Fe-OH À cofactor for solution 11, whereas it is bent towards the top (surface) of the cavity for solution 12, which brings the bisallylic carbons away from the Fe-OH À cofactor. Fig. 13 depicts the molecular representation of the last snapshot of the 100 ns simulation of each AA:Stable 5-LOX complex.
Thus, these 100 ns simulations seem to support the idea proposed by Newcomer and coworkers that the Phe177 + Tyr181 pair would be ''closing'' the active site during the chemical reaction. Moreover, in a head-first orientation Tyr181 is the residue that interacts with the AA carboxylate. As for the tailfirst orientation also studied in this work, we cannot conclude if the AA:Stable 5-LOX complex was not stable due to the binding mode or as a consequence of the FY cork being open. On the other hand, His600 seems to adopt the conformation observed in the holo crystal structure and it is not directly interacting with the AA carboxylate, which may be indicating that the effect observed experimentally upon mutation of this residue is due to a change in the shape and/or volume of the binding cavity (direct or by affecting other residues), as has 
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Conclusions
Human 5-LOX is a highly regio-and stereospecific enzyme. It catalyzes the oxygenation of its main substrate, arachidonic acid, at position 5. In spite of its huge pharmacological relevance, the way its catalytic mechanism works has not been well understood yet, mainly because no experiment has been able to determine the position of AA within the binding site so far. To shed light on this point, in this paper, we have employed a multiscale approach combining homology modeling, proteinligand dockings, molecular dynamics simulations and quantum mechanics/molecular mechanics (QM/MM) calculations. We have started from the available crystallographic structures. All of them correspond to the human Stable 5-LOX form of the enzyme. In particular, we have used the unique existent AA bond form (holoenzyme, pdb code 3V99) and one of the essentially equivalent apo enzymes (with pdb code 3O8Y). For each one, we have successively determined the most probable AA binding modes, the regio-and stereoselectivity that could be expected for each binding mode, and the residence time of AA (that is, the AA stability) in each binding mode. Since the coordinates of some parts in the 3V99 structure are lacking, we have employed homology modeling techniques to complete the structure of the holoenzyme.
Our results show that two binding modes are possible in the holoenzyme: (a) a tail-first type orientation, with the AA carboxylate end interacting with Lys409, C 7 being the closest methylene (and close enough to the OH À group) while C 10 and C 13 are further away, and with the H 7 proS abstraction being mostly favored; and (b) a head-first orientation, with the AA carboxylate end bound to Gln363 (and Gln557), but with C 10 and C 13 much closer to the OH À group than C 7 , and with the H 13 abstraction the most favorable process and the H 7 abstraction not being possible. Thus, AA can be positioned in the holoenzyme active site with both tail-first and head-first orientations, but only tail-first orientation would yield structures reactive by C 7 , that is, with 5-lipoxygenating reactivity, whereas a head-first orientation would give 15/11-LOX or 12/8-LOX regioselectivity, in terms of hydrogen abstraction.
On the other hand, for the apoenzyme a head-first orientation has been identified with C 7 close to the OH À group, with the AA carboxylate interacting with His600 and the methyl tail pointing towards Trp147. The His600 side chain points away (outward) in the active site of the holoenzyme, whereas in the apoenzyme it is directed towards (inward) the catalytic iron. As a consequence, AA cannot interact with His600 in the holoenzyme. Conversely, AA can interact with His600 in a head-first orientation inside the apoenzyme. If this were the case, our MD and QM/MM results predict that both the H 7 proS and H 10 abstractions would happen. Thus, we could suppose that the reactive form of AA inside the active site of human 5-LOX could be a head-first orientation interacting with His600 by its carboxylate end as proposed by an experimental model. 23 However, at the current state of the experimental knowledge, it would seem somewhat unlikely for three reasons: firstly, AA should have entered the active site maintaining the inward His600 orientation corresponding to the apoenzyme, in contraposition to the outward His600 orientation of the available crystallographic structure of the holoenzyme. Second, that orientation would lead to both the H 7 proS (5-LOX regioselectivity) and H 10 (12/8-LOX regioselectivity) abstractions, which is scarcely observed experimentally. Third, in a recent study by Wu et al., 56 a large molecule known as a competitive inhibitor of 5-LOX was docked into the binding pocket of the apoenzyme crystal structure. The negative correlation coefficient obtained between the experimental and predicted IC 50 made the authors conclude that this structure cannot be used for drug screening before the conformational flexibility of 5-LOX is further analyzed and included in the model.
A variety of fates have been found for the different AA binding modes at long times. In the case of the tail-first orientation in the holoenzyme, the complex remains stable, with its carboxylate interacting with Lys409, for 18 ns and then AA comes out of the active site. Later, the AA tail enters the cavity through the opposite end, leading to a reverse orientation to the starting one and with the bisallylic carbons (especially C 7 ) far from the OH À group. On the other hand, the head-first orientation in the holoenzyme is maintained in the active site along the 100 ns, although the AA carboxylate initially interacts with Gln363 and Gln557, but ends up in the part of the cavity surrounded by Gln363, Gln557, Asn425, His600, and Tyr181, always with C 7 quite far from the OH À group. Finally, the AA head-first orientation in the apoenzyme seems to remain quite stable, although the AA carboxylate evolves to form a hydrogen bond with Tyr181, while His600 rotates towards the outward orientation corresponding to the holoenzyme.
To summarize, based on the available crystallographic structures, we have found 3 possible binding modes for AA. Only one of them would clearly exhibit predominant 5-lipoxygenating reactivity. However, long MD simulations show that this binding mode is not stable, at least within the crystallographic holoenzyme structure used. It is evident that the reactive structure of human 5-LOX has to be a holoenzyme structure, although it is possible that the unique holoenzyme structure currently available is not good enough to reproduce the actual conformation of the enzyme when the chemical process occurs.
